Abstract This study is aimed at detailed statistical and geostatistical investigation of lead and zinc concentration in an old mining area located in the eastern part of the Upper Silesian Industrial Region. This area is rich in lead and zinc ores whose intense extraction dates back to the tenth century AD. The complexity of the area results from historical and current mining activities, as well as from a variety of different types of land management and complex geological conditions. Almost 1,000 collected soil cores were divided into two subsets: those collected at the depth of up to 20 cm and the those collected at the depth from 40 to 60 cm. Extensive analyses considered geological substrata in terms of spatial variability and spatial distributions, the type of land management, geoaccumulation indexes and enrichment factors. Lead and zinc concentration was several times higher on depths ranging from 40 to 60 cm beneath the soil surface than in the 20-cm topsoil. The results showed that clearer spatial dependence was observed for deeper soil layers then for the topmost ones, especially near mines where anthropogenic factors predominated over lithogenic ones. Weak spatial dependence was accompanied by high values of the geoaccumulation index. The lowest concentrations of pollution with geoaccumulation index below 0 and enrichment factor up to 5 observed in the forest were caused by low anthropogenic pressure and the presence of sandy soils, less capable of accumulating heavy metals.
Introduction
Soil pollution with heavy metals has become a cause for concern in many countries. Previous studies showed that the concentration of heavy metals in soils may vary depending on the intensity of numerous factors of anthropogenic and natural origin (Sutherland 2000; Gallego et al. 2002; Saby et al. 2006; Magiera and Zawadzki 2007; Zawadzki and Fabijańczyk 2008; Morton-Bermea et al. 2009; Wei and Yang 2009; Maas et al. 2010; Hani and Pazira 2011) . Mining is considered to be one of the most dangerous anthropogenic activities affecting soil quality. Another important factor is the presence of industrial sources of pollution, like smelters, coal burning plants or cement mills (Hulett et al. 1980) . Here, the distance from sources of pollution is essential (Albasel and Cottenie 1985) . Studies also showed that there is a clear connection between the distance and the load of heavy metals that get into the soil. Moreover, the type of land management can be an important factor. For example, significant differences were found in concentrations of heavy metals in soils in forested, open and arable areas (Magiera et al. 2006; Magiera and Zawadzki 2007) . These differences depended on the type of soil, plowing and cultivating. Furthermore, the distribution of heavy metals and their concentration on particular soil horizons varied according to the type of land management, soil composition and chemical processes influencing the mobility of heavy metals within the soil profile (Ettler et al. 2005) . Concurrent occurrence of all of the above mentioned factors makes the studies of soil pollution in mining areas extremely complex (Qishlaqi et al. 1997; Strzyszcz and Magiera 1998; Cabala et al. 2004; Cabala 2009 ). For this reason using geostatistical methods in the description of spatial distribution of soil pollution in such areas seems essential.
Soil contamination with heavy metals can persist long after finishing the mining activity and pose environmental risks to the population living in a contaminated area. Although distribution of heavy metals in soils has already been studied for many mining sites, there are still very few well-documented studies of soil contamination, especially in the areas where zinc (Zn) and lead (Pb) ore mining has been carried out for many centuries.
The study area was located within the Upper Silesian Industrial Area (USIA), which is one of the most contaminated areas in Poland. USIA was previously intensively studied for heavy-metal soil pollution (Strzyszcz and Magiera 1998; Lis and Pasieczna 1999; Cabala et al. 2004; Cabala 2009 ). Numerous chemical and geophysical investigations were performed, and they all confirmed high concentrations of heavy metals in soil. However, thorough spatial analyses combining classic statistics and spatial techniques are still needed.
The study area is characterized by the intense mining and ore exploration of Pb and Zn ores, and consequently soil pollution with Pb and Zn is strongly related to this type of industry. Accordingly, Pb and Zn were chosen to be analyzed because they were common components of ore deposits located within the study area.
In order to analyze the concentration of Pb and Zn in soil, a large and very detailed measuring campaign was carried out. Almost a thousand soil cores were collected in the studied area. They were divided into two subsets: those collected at the depth of up to 20 cm and the ones collected at the depth from 40 to 60 cm. Due to the high complexity of USIA in terms of the type of land management, mining activity, and geological substrata, all analyses took all these factors into thorough consideration. Obtained results can be in particular relevant to the mining areas characterized by intense Pb and Zn ore exploration. Especially, the results of this study may be valuable for those interested in soil pollution with heavy metals in USIA.
Study area
The study area covered almost 150 km 2 and was located in the vicinity of an old mining town Sławków in the Silesian district, in southern Poland. It is estimated that the mining of silver and lead existed there as early as the 10th century, but the most intense mining took place in the 18th and 19th century. Sławków surroundings are characterized by rather complex land management. The town is located at the western edge of the study area and was the largest residential territory in this region. The central part of the study area is mostly occupied by arable lands with a moderately dense net of paved roads and sparse residential buildings, whereas the northern and southern parts are mostly covered with forests composed of coniferous trees.
The study area was also characterized by significant anthropogenic influence caused by numerous industrial factories. A galvanization factory, located at the eastern edge of the study area is a serious source of heavy-metal pollution caused by chemical substances used during galvanization processes and a large waste dump resultant to floating processes. Other sources of anthropogenic pressure are associated with mines like ''Bolesław'' and ''OlkuszPomorzany'' located near the galvanization factory. The large expanse in the southern part of the study area was mostly used in the past for ore extraction.
The types of land management were determined using the Corine Land Cover database (Bossard et al. 2000) and then were verified using orthophoto maps. As a result, the following types of land management were delineated ( Fig. 1): i. Farmlands-individually cultivated regions, located in the center of the study area. ii. Forests-dense forest stands located mostly in the northern and the south-western part of the study area. Sparsely wooded areas were not included herein. iii. Post-mining area-areas used in the past for mining, at present covered by shrubs, unpaved roads and closed old landfills. iv. Roadside areas-terrains located up to 50 m away from public, paved roads. v. Industrial areas-ore mines, steelworks and a galvanization factory, etc.
In the study area the geological substrata were determined using geological maps made at the Polish Geological Institute (Lis and Pasieczna 1999). These substrata were grouped into three classes ( Fig. 1): i. Loams, dolomites, limestones, marlstones. ii. Sands and gravels, eolian sands. iii. Loess.
The whole study area was covered with ores rich in sulfides of Pb and Zn (Cabala et al. 2004; Cabala 2009 ), sulfides of Fe and also carbonates of Pb and Zn. Especially, theses ores occurred in places where the dolomites, limestones and marlstones were deposited. At some locations, mostly in the eastern and southern part of the study area, Pb and Zn ores were covered only with a thin layer of eolian sands. Intense ore exploration caused natural soils to be highly degraded or even almost completely removed in some locations. For this reason, initial or industrial soils were predominant at the study area.
The study area was divided into 11 groups, considering both the type of land management and geological substrata (Table 1) .
Materials and methods

Samples collection and chemical analyses
Sample points were evenly distributed over the study area and an average distance between sample points equaled 250 m. Over a 1,000 soil cores were collected using a soil probe with a diameter of 8 cm. Subsequently, 60-cm-long cores were divided into two kinds of subsamples. The subsamples of the first kind, denoted below as level 1, were parts of the soil cores down to the depth of 20 cm beneath the soil surface, whereas the subsamples of the second kind, referred to as level 2, were parts of the soil cores down to the depth of from 40 to 60 cm.
In the laboratory, subsamples of both types (i.e., level 1 and level 2) were digested using HCl and heated at the temperature of 90°C for 1 h. Afterward, 100 ml of each subsample was used for the determination of Pb and Zn by inductively coupled plasma mass spectrometry (ICP-MS), using the spectrometer Philips PV 8060. The collection of soil samples and laboratory analyses was performed by the Polish Geological Institute (Lis and Pasieczna 1999).
Statistical and geostatistical analyses
All analyses were carried out separately for each of the 11 groups of the soil type, the land management and geological substrata. Statistical analyses were carried out using Statistica 10. They included calculation of basic descriptive statistics, box-and-whisker plots, the Pearson correlation coefficients, as well as selected statistical tests.
Spatial variability of Pb and Zn concentration in soil was analyzed using variograms. Their parameters, like the range of correlation and the nugget-to-sill ratio were The ''-'' sign denotes that such a group was not present at the study area carefully determined to get deeper insight into the spatial dependence of the studied phenomena. The nugget-to-sill ratio belonged to the following three ranges: less than 0.25, between 0.25 and 0.75, or higher than 0.75 that corresponded to strong, moderate or weak spatial dependence, respectively (Cambardella et al. 1994) . Spatial maps of Pb and Zn concentration in soil were calculated using ordinary kriging (Isaaks and Srivastava 1989; Bierkens 1997; Goovaerts 1997) . All calculations, including data preparation, analyses of orthophoto maps and Corine Land Cover database, were made using free software QGIS and SAGA with selected plugins.
Geoaccumulation index and enrichment factor
Apart from the spatial distributions of Pb and Zn concentration in soil, a geoaccumulation index (IG) was calculated. This indicator was previously used to assess the soil pollution (Rubio et al. 2000) , and was defined as:
where: C n is measured concentration of Pb or Zn, B n is the geochemical background of Pb or Zn. In addition, the enrichment factor (EF) was calculated that was frequently previously used to assess the extent of soil pollution with heavy metals. In order to calculate EF, it was also necessary to measure the Fe concentration in soil (Loska et al. 1997; Reimann and De Caritat 2000) .
where: M sample , M background is measured and background concentration of Pb or Zn, Fe sample , Fe background is measured and background concentration of Fe. The values of IG and EF were calculated for each sample point and afterward they were used to calculate spatial distributions using ordinary kriging method. Then the obtained values of IG and EF were divided into classes according to soil pollution (Loska et al. 1997; Maas et al. 2010) (Table 2 ). Background concentrations used in the Eqs. 1 and 2 were determined based on the average concentrations in soils located in the same part of Poland as the study area, and characterized with low anthropogenic pressure.
Results and discussion
Concentration of Pb and Zn on levels 1 and 2
Descriptive statistics of Pb and Zn concentration in soil on both levels 1 and 2 (Tables 3 and 4) were calculated after the outlying values, those lower or higher than the average by two standard deviations were removed from the dataset. Almost all extreme values were observed near dumps of the Bolesław mine. The removal of such extreme values was beneficial in further analyses of spatial variability and spatial interpolation with kriging method.
Maximum concentrations of Pb in soil on both levels 1 and 2 for the majority of types of the land management were up to several times higher than admissible values according to the standards that are in effect in Poland, i.e., equal to 600 mg/kg for industrial areas, and 100 mg/kg for the rest of areas analyzed in this study (Fig. 2) .
Post-mining areas located on sands were characterized by the lowest concentrations of Pb on both levels. This part of the study site was used for mining in the past, but at present the anthropogenic pressure is rather low.
In forest area Pb concentrations were rather low on both levels. Significantly higher values were observed in the industrial areas, and in the roadside areas, 50 m away from major, paved roads. Such observation, especially for level 1, may suggest that the main source of Pb pollution was connected with industrial activity and traffic.
For arable areas located on loamy soils, the Zn concentrations on the level 1 were significantly higher than on the level 2, but in the case of arable areas located at loess these differences were negligible. This may result from the depositions of industrial dusts originated from the ''Bolesław'' mine, located 3 km to the east, and its dumps. The predominant wind directions in the study area are usually south-west, west, and east. The majority of industrial dusts are transported away by winds from the arable areas, except for the eastern winds that could transport them directly to the arable fields (Fig. 3) . In forest areas, Zn concentrations were the highest for loamy soils, medium for loess and the lowest for sands and gravels. Forests placed on loams and loess were located about 3 km west from ''Olkusz-Pomorzany'' to ''Boleslaw'' mines, so they were directly exposed to the industrial dusts transported by predominant winds, and later accumulated in organic and humic horizons. Accordingly, Zn concentrations were significantly higher on the level 1 than on the level 2.
Forests situated on sands and gravel were located mainly in the southern part of the study site, so they were less exposed to the anthropogenic pressure. As a result the Zn concentrations were up to several times lower than in forests situated on loams and loess. However, in the forests situated on sands, high concentrations of Zn were also observed on the level 2, but it was connected with the natural lithogenic presence of ores.
The highest concentrations of Zn on level 1 in areas located at a distance of 50 m from roads were observed for sands and gravels, lower for loess and the lowest for loams. Such values were observed because roads located on sands and partially on loess were situated near mines where anthropogenic pressure was very high, connected also with the road transport of extracted ores. Roads situated on loams were located mostly around Sławków, where the predominant pollution was associated rather with Pb, coming from traffic, than with Zn. It was clearly visible in the case of Pb concentrations, especially on the level 1, that were higher for roads located on loams than for roads located on sands and loess. High Zn concentrations, reaching up to 7,000 mg/kg, on the level 2 at loamy soils located 50 m away from roads were strictly connected with the presence of ores (Fig. 4) .
The concentration of Pb and Zn on the level 2 was significantly higher than on the level 1, practically for the entire study area. The highest differences were observed in the areas used for industrial purposes, medium on farmlands and the lowest in post-mining areas and forest that is strongly correlated with the presence of ores rich in Pb and Zn. The highest differences of Pb concentration between levels 1 and 2 reached almost 1,000 mg/kg, while the lowest were below 20 mg/kg. The differences in Zn concentrations were even higher, reaching almost 3,000 mg/kg in the vicinity of the mine Bolesław where major geological substrata were loams, limestones, marlstones and dolomites, closely associated with the presence of lead and zinc deposits. The lowest differences in concentration of Zn between levels 1 and 2 were observed in post-mining areas and forests (below 100 mg/kg), where the sands, gravels and eolian sands were predominant. Higher concentration of Pb and Zn on the level 2 was related mostly to the structure of the soil profile and the occurrence of the ore-bearing dolomites. Usually, in soils with significant anthropogenic pollution but with irrelevant lithogenic influence the highest concentration of Pb and Zn were observed on a depth of about 5 to 10 cm. In soils where lithogenic factor was more substantial, the increase of heavy metals concentration was observed along with the increase of the depth in soil profile (Magiera et al. 2006) . Soils in the study area were subjected to the strong anthropogenic pollution but also significant lithogenic influence was observed. Furthermore, we analyzed the correlations between concentrations of Zn and Pb on the same level (level 1 or level 2) as well as the correlations between concentrations of Zn and Pb on the different levels (between level 1 and the level 2). Concentration of Zn and Pb on the level 1 showed a strong relationship for areas with strong anthropogenic pressure, mostly in the vicinity of mines (Table 5) . Weaker correlations were observed in arable areas on the level 1, which may be the result of cultivation processes that blend the upper layer of the soil, and reduce correlations between these heavy metals. The forest areas located on loams, loess and sands, were characterized by weak correlations between the concentration of Pb and Zn, for both level 1 and 2. Correlations between concentration of Pb and Zn on different levels were negligible in most cases.
Spatial correlations of Pb and Zn concentrations
Spatial correlations were investigated for all areas, except from areas near roads, which were omitted because of the specific layout of the sample points, located along the paved roads and consequently irregularly scattered through the entire study area. Accordingly, calculated variograms might not be precise or reliable. For the remaining groups experimental variograms were calculated and modeled, using a spherical model, for which parameters were compared to find out how they relate to the type of land management and geological substratum (Tables 6 and 7) . ) Range (km) Nugget-to-sill ratio (-) Level 1 to level 2 ratio For the majority of areas, correlation range for the level 1 was up to 76 % shorter than the correlation range for the level 2. It can be explained by the fact that the topmost soil was more subjected to anthropogenic factors such as industrial dusts, and also mostly composed of organic and humic horizons which were more spatially variable, due to the soil processes. The level 2, located beneath it, was mostly composed of subsoil and parent rock where abovedescribed processes are negligible. In the case of postmining area, for both Pb and Zn, the correlation range for the level 1 was up to 17 % longer than that for the level 2, what can be the result of the past mining activity. At this region the topmost soil was highly processed in the past due to open-cast mining. At present, this area is covered with forest and shrubs, and consequently, the amount of anthropogenic pressure is low. Moreover, due to the dominant wind blow directions industrial dust from local mines are transported rather away from this area. Industrial areas were characterized by a short range of correlation for Zn concentration on both soil levels, and Pb concentration revealed no visible spatial correlations and its variogram was modeled using only pure nugget. Relatively weak spatial correlation may be the result of strong industrial activity that strongly transformed the topmost soil layers. In addition, a significant number of extreme values and the highest values of semivariance were observed, especially in case of Pb concentration (Fig. 5) .
For arable areas located on loamy soils, significantly high values of semivariance were observed, especially in the case of Zn concentration that was caused by the presence of ore-rich dolomites and the vicinity of mines ''Bolesław'' and ''Olkusz-Pomorzany''. Despite the high semivariance values, the correlation ranges were easily visible on variograms, and longer than those for industrial areas, slightly shorter than those for post-mining areas and almost two times shorter than those for forests. In the case of Zn concentration in soil, the range of correlations for the level 1 was about 45 % longer than that for the level 2. Such observation may be due to agricultural processes that cause the upper soil layer to be mixed, and consequently, more homogenous (Fig. 6) .
Concentrations of Pb and Zn in forest areas located on loess were characterized by rather poor spatial correlations, especially for the level 2, for which Pb concentration revealed almost no spatial correlations. However, it may be caused by a small number of samples which additionally are irregularly distributed on the study site.
Concentrations of both Pb and Zn in soil in forest areas located on sands revealed the most relevant spatial correlations. Experimental variograms were easy to be modeled, and fitted models were characterized by the longest correlation ranges (over 3 km) (Fig. 7) . 
Geoaccumulation index and enrichment factor
The highest values of IG were observed in the vicinity of the mines, areas used for mining purposes and also near Sławków town. At this part of the study, area values of IG were 3 or higher which reveals that the contamination intensity was ranging from strong to very strong. Analogous values and spatial distributions of IG were observed for levels 1 and 2 for concentration of Pb and Zn and also similar similarity was observed for concentrations of both metals on the same level. It confirmed that the soil pollution at these parts of study area is strongly connected with the extraction of ores, in which concentration of Pb and Zn ores is highly correlated.
At the remaining parts of the study area, covered mostly by forests in the northern and north-eastern part as well as by post-mining area in the south-western part, the values of IG were low, ranging from 0 to 1. It means that these parts of the study area were contaminated in low or at most medium level (Fig. 8) .
The enrichment factor revealed similar spatial distribution as the geoaccumulation index. The highest values of EF, exceeding 20 and reaching up to 40, were observed in nearby mining areas, which means very high to extremely high soil pollution. Such observations are consistent with the presence of ores rich in Pb and Zn. In forest and postmining areas, where values of IG suggested low up to moderate contamination, values of EF ranged from 2 to 5. Such results may suggest that these parts of the study area are not contaminated, but are characterized by rather significant natural enrichment with ores rich in Pb and Zn (Fig. 9) .
Conclusion
In the entire study area, concentration of Pb and Zn in soil was several times higher at the depth of 40 to 60 cm beneath the soil surface than at the depth of up to 20 cm. It resulted from shallow location of Pb and Zn ores. The highest concentrations of Pb and Zn, on both levels in soil profile, were observed in mining areas, arable areas and in the vicinity of roads. For these areas, heightened concentrations were the result of anthropogenic pollution due to a short distance from mines to predominant wind directions where an enrichment factor and geoaccumulation index reached values of above 20 and 5, respectively.
The lowest concentrations of Pb and Zn were observed in forest and areas that were used for ore exploration in the past centuries. It was caused by presently low anthropogenic pressure and presence of sandy soils that are less capable of accumulating heavy metals. Moreover, values of geoaccumulation index less than 0 and moderate values of enrichment factor (0-5) suggest that observed Pb and Zn concentration in soil was rather caused by natural enrichment than by anthropogenic pollution.
The ranges of correlation for Pb and Zn concentration in the topmost soil layer were generally shorter than ranges of correlation in the soil layer at depths ranging from 40 to 60 cm. In the case of Zn, the highest differences were observed in forests (up to 24 %), in industrial areas located on sands and in arable areas located on loess (up to 27 % in both cases). In contrast, in arable areas located on loams, Zn concentration in the deeper soil layer was characterized by significantly shorter correlation range. Correlation ranges of Pb concentration in the upper soil layer were shorter than those for deeper soil. Only in the case of post-mining area, correlation ranges were comparable. Clearer spatial dependence was observed for a deeper soil layer in comparison with a topmost layer, especially near mines where the anthropogenic factors were predominant over natural lithogenic ones.
Such observation was consistent with the results concerning enrichment factor and geoaccumulation index, because in the areas characterized by weak spatial dependence, high values of geoaccumulation index were observed.
